The advent of cell reprogramming technologies has widely disclosed the possibility to have direct access to human neurons for experimental and biomedical applications. Human pluripotent stem cells can be instructed in vitro to generate specific neuronal cell types as well as different glial cells. Moreover, new approaches of direct neuronal cell reprogramming can strongly accelerate the generation of different neuronal lineages. However, genetic heterogeneity, reprogramming fidelity, and time in culture of the starting cells can still significantly bias their differentiation efficiency and quality of the neuronal progenies. In addition, reprogrammed human neurons exhibit a very slow pace in gaining a full spectrum of functional properties including physiological levels of membrane excitability, sustained and prolonged action potential firing, mature synaptic currents and synaptic plasticity. This delay poses serious limitations for their significance as biological experimental model and screening platform. We will discuss new approaches of neuronal cell differentiation and reprogramming as well as methods to accelerate the maturation and functional activity of the converted human neurons.
Introduction
Numerous methods are now available to obtain human neurons from a starting population of pluripotent stem cells (PSCs) or directly from reprogrammed fibroblasts, but the resulting neuronal cells often do not reach full functionality or required an extensive period of time to exhibit robust functional parameters. This long delay in acquiring functional properties has resulted into a severe hurdle for taking full advantage of human neurons as a biological model or a platform system. In fact the ability of neurons to fire action potentials as well as forming synapses in vitro is crucial to study the effects of mutations or drugs that can affect synaptic transmission and plasticity. Their capacity to functionally integrate in vivo when transplanted into a neuronal network already formed is also relevant for future cell therapies. Herein, we briefly discuss recent techniques to generate human neurons and in particular focus on new procedures that enhance functional maturation of the reprogrammed neuronal cells.
In vitro neuronal differentiation of human pluripotent stem cells (hPSCs)
Neuronal cells have been among the first lineages to be differentiated using hPSCs, a term describing both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). 1, 2 Neuronal induction is traditionally obtained by promoting the differentiation of hPSCs in aggregate-like embryoid bodies. Subsequently, aggregates are placed in stringent serum-free culture conditions, which selectively facilitate the survival and growth of neural cells. This transition toward the neural lineage is readily manifested in hPSCs (but not in their murine counterparts) because of the appearance of rosette-like structures within the differentiating hPSC colonies. 1, 2 These structures develop from neural progenitor cells, which line up close together to form a round, columnar epithelium that is reminiscent of blooming rosettes when viewed under bright light.
Rosette neural progenitors can be expanded in vitro as a renewable cell population either as neurospheres in suspension or attached to a substrate. The generation of a multipotent intermediate is highly advantageous since they can maintain a stable cell growth in vitro and differentiate in both neurons and different glial cell types. In addition, various morphogens can be added to the culture medium to induce and guide terminal neuronal cell type specification modeling developmental signaling pathway acting during the central nervous system embryonic development. [3] [4] [5] [6] To accelerate neuronal differentiation, alternative protocols based on the dual inhibition of SMAD signaling by a combination of Noggin or LDN193189 together with SB431542 have been shown to efficiently neuralize hPSCs generally avoiding the step of EB formation or the use of feeder cells. 4, [7] [8] [9] [10] [11] [12] [13] Noggin represses the endogenous BMP signals and acts synergistically with SB431542 that inhibits the TGFb pathway by blocking the phosphorylation of ALK4, ALK5 and ALK7 receptors. However, dual SMAD inhibition seemed not to be effective for all the iPSC lines due to their high intrinsic variability in response to extracellular signals. 4 Using these methods, hPSCs have been successfully differentiated in human neurons of several different subtypes (Table 1) . This is especially important since the diverse neuronal lineages that compose the nervous system own unique properties that may render them sensitive or resistant to particular acute or chronic insults. In particular, neurodegenerative diseases might lead to the loss of specific neuronal subtypes that can be reconstituted in vitro by cell reprogramming technologies as a way to properly understand the pathological mechanisms behind.
In this direction, different groups have described protocols to generate an enriched population of cortical excitatory neurons, 13, 16 GABAergic inhibitory interneurons 12, 17 or the dopaminergic midbrain neurons which are specifically lost during the progression of Parkinson's disease. [8] [9] [10] [11] For this last case, activation of the Wnt signaling by chemical GSK3b inhibitors combined with a strong Sonic Hedgehog stimulation directs the differentiation of hPSCs into dopamine-producing neurons passing through a LMX1A/ FOXA2 positive midbrain floor plate intermediate cell stage.
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Spinal motor neurons, controlling body movements, can be severely damaged after an injury or a disease such as spinal muscular atrophy or amyotrophic lateral sclerosis. Due to its therapeutic implications, different groups have worked to develop a method to obtain motor neurons based on the synergic action of SHH and RA treatments. 3, 4, 7, 8, 18 The major limitation shared by these protocols is that they are very laborious and highly time-consuming. In addition, ESC, but in particular iPSC lines, may change as a function of time in culture. 19 A systematic comparison of the neural differentiation potential of different ESC and iPSC lines revealed a large variation in conversion efficiency, and it is likely that maturation stages and functional properties of the resulting neurons are also divergent. 4 
Direct reprogramming of fibroblasts to neurons
The successful conversion of fibroblasts all the way back to PSCs has wide disclosed the possibility to promote transdifferentiation toward other distantly related cell types using crucial cell-lineage-specific transcription factors. For neural cells, the deep knowledge of the molecular machinery directing the neuronal differentiation during embryonic development represented a privileged standpoint for designing cell transdifferentiation approaches the rationale being that the forced expression in fibroblasts of neural lineage specific transcription factors would be sufficient for a direct mesoderm-to-neuroectoderm cell conversion. With this bold idea in mind, Vierbuchen and colleagues were successful for the first time to derive neuron-like cells from converting mouse fibroblasts, termed induced neuronal (iN) cells, by identifying a minimal combination of only three developmental transcription factors, Ascl1, Brn2 (also known as Pou3f2) and Myt1l (called together in short as BAM). 20 Of interest, efficiency of the neuronal conversion results much higher than iPSC reprogramming in fibroblasts according to the relative ontogeny distance among these cell types. Ascl1 is the only pioneer factor among the three being able to bind its physiological neuronal targets also in a repressive chromatin configuration in fibroblasts. 21 Consistent with this, Ascl1 is sufficient alone to reprogram fibroblasts and coax embryonic stem cell differentiation into iN cells, although with a reduced efficiency. 22 In all these cases, iN cells result mostly glutamatergic and excitatory while only a minority express GABAergic neuronal markers. These results stand as counterintuitive since Ascl1 is exclusively expressed in the GABAergic inhibitory neuronal lineage during development of the forebrain and spinal cord. 23 A way to interpret these data is that the GABAergic specific transcriptional program is under a tight epigenetic control, which antagonizes the Ascl1 reprogramming action. Alternatively, Ascl1 necessitates additional co-factors to activate GABAergic neuronal identity that are not present in the reprogramming cocktail. A year later, the Wernig's group succeeded in converting human fibroblasts into functional neurons by supplementing NeuroD1 as a fourth factor to the original reprogramming cocktail. 24 Importantly, human iN cells presented convincing membrane excitability and about half of them exhibited synapse activity 4-5 weeks after reprogramming. However, overall iN cell efficiency conversion remained exceedingly low (less than 5%), thus, making a challenge to widely apply this procedure for human disease in vitro modeling.
Neurons of specific subtypes
The initial discovery of iN cells raised the question of whether a similar approach of direct neuronal reprogramming could be adapted to generate other neuronal sub-types by combining iN together with lineage specific transcription factors (TFs). The first evidence for this came with the generation of induced dopamine producing and motor neurons. In fact, combining Ascl1 with developmental dopaminergic factors such as Nurr1 and Lmx1a was sufficient to convert mouse fibroblasts into functional induced dopamine-producing (iDA) neurons. 25 However, the same three factors were undoubtedly less efficient to transdifferentiate human fibroblasts. As for human iN cells, adding four additional dopaminergic factors to the BAM combination enabled Torper et al. to significantly enhance the conversion efficiency to dopaminergic neurons although their overall functionality was not assessed. 26 If increasing the number of reprogramming TFs might be beneficial to enhance efficiency and gain functional properties, their practical use gets uneasy since they cannot be placed in a single vector and their stoichiometry is difficult to control. These results might suggest that conversion of mouse and human fibroblasts might necessitate different combinations of factors since human cells are intrinsically more resistant to initiate the cell conversion. While it remains a challenge to assess the proper fidelity of the conversion process in human cells. In fact, whether induced neuronal progenies might be directly compared to freshly isolated native neuronal counterparts, this remains prohibitive in the human setting. However, emerging technologies in genomics and the growing access to gene expression profiling datasets might offer unprecedented opportunities on this regard.
Conversion of mouse fibroblasts into spinal motor neurons (iMNs) has been shown by forced expression of seven factors (Ascl1, Ngn2, Brn2, Myt1l, Lhx3, Hb9 and Isl1). 27 The iMNs expressed pan-neuronal and motor neuron-specific markers, as well as the receptors and channels that generate excitable membranes sensitive to transmitters, allowing them both to fire action potentials and receive synaptic inputs. Including also NeuroD1 to the reprogramming cocktail enabled to convert human fibroblasts as well into iMNs with an overall efficiency estimated in 5%. 27 
Assessing stability and in vivo performance of human-induced neurons
Multiple evidences have demonstrated that the direct conversion of mouse and human fibroblasts into neurons does not pass through a proliferative cell type. 23, [27] [28] [29] [30] [31] In fact, studies of BrdU incorporation, cell proliferation and reactivation of neural progenitor markers did not support any evidence for generation of neural precursor intermediates during the process of transdifferentiation. 29 Thus, converted fibroblasts exit cell cycle during the reprogramming progress and do not revert to either a default pluripotent or a progenitor state suggesting that transdifferentiation does not follow the mechanisms of the embryonic development. Interestingly, because the cells do not pass through a stem cell state, it has been proposed that direct neural conversion can be performed in vivo without serious concerns of tumorigenesis or ectopic tissue dysplasia. 26 Moreover, the described methods compared the gene expression profiling of the induced and native cells to determine how closely they resemble each other. Interestingly, induced neurons (iNs) obtained with direct reprogramming methods have acquired an expression pattern substantially similar to that of native cells but showed in some cases a relative delay in silencing the molecular signature of the cells of origin. 25, 27 Another critical issue is to determine whether the features of the reprogrammed cells remain stable and are maintained upon withdrawal of the inducing factors. For direct reprogramming, the use of doxycycline (dox)-inducible vectors has helped to address this issue since only the withdrawal of dox from the culture medium is enough to turn off the expression of the exogenous factors. The complete silencing of the reprogramming factors has been shown to leave unaltered the identity and functional properties of the reprogrammed cells over time in several protocols. 24, 25, 29, 32 These data indicate that long-term expression of exogenous factors is not required for the stability of the neural conversion. In fact, forced expression of transcriptional factors triggers the expression of their respective endogenous factors, therefore stabilizing the transcriptional network of the new differentiated state. 24, 29, 32 Only few groups have tried to transplant humaninduced neurons to see whether they can survive, integrate into neuronal networks and, most importantly, respond to physiological cues that could ultimately rescue a damage caused by a disease. Injected iDA neurons in the striatum of a PD rat model have shown to express dopaminergic markers after 16 weeks of the injection. 30 Remarkably, after eight weeks, operated rats could ameliorate the rotational behavior induced by amphetamines and associated to PD. In another set of experiments, BAM-iNs have also been transplanted in the striatum of rats, and found integrated four weeks after transplantation but only few of them expressed TH. 33 Interestingly, the authors observed that longer time in culture before transplantation reduced the efficiency of neuronal formation in the graft. Moreover, long-term survival of iMSNs has been reported when transplanted in the striatum of postnatal mice. 32 Transplanted neurons integrated into host neuronal tissue, exhibiting functional characteristics similar to the native murine MSNs and forming axonal projections.
Promoting functional maturation of reprogrammed neurons
As mentioned earlier, the major limitation of all these approaches is the generation of neurons that only partially gained a full functional profile often lacking to develop appropriate membrane excitability, sustain long action potential firing, and display inhibitory and excitatory post-synaptic currents.
In general, the acquisition of reliable functional neuronal properties in reprogrammed neurons is a very slow process that requires many weeks independently of the culture medium composition (Tables 1 and 2 ). This hurdle poses serious shortcomings to the use of this system when investigating pathogenesis of neuropathological processes. However, recent technical advances promise to minimize these issues accelerating neuronal maturation and functional development.
Transcription factor-induced neuronal differentiation and maturation
Zhang and colleagues have recently reported a fast and efficient protocol based on the ectopic expression of the transcription factor Ngn2. 15 This approach entails a unique step of manipulation based on the infection of undifferentiated hPSCs with two viruses for the dox-inducible expression of Ngn2. In order to select only for the infected cells, a puromycin resistance gene was expressed together with Ngn2. Immature neuron-like cells were obtained with high purity (close to 100%) in less than 1 week and cells could progress to become functional after 2-3 weeks when co-cultured with murine glia or neurons. Gene expression analysis showed that Ngn2-derived neurons were mainly excitatory and expressed some critical markers of upper-layer cortical neurons although their molecular identity has not been thoroughly investigated. Of note, the conversion of iPSCs into neurons appeared to be direct, similar to the generation of iNs by direct reprogramming. Strikingly, the majority of Ngn2-iNs produced robust action potential firing, voltage-gated Na þ and K þ currents, massive spontaneous synaptic activity and shortterm plasticity. Following the same experimental method, 15 we were able to generate functional reprogrammed Ngn2-iNs using different hiPSC lines strongly indicating the robustness and reproducibility of this procedure. Figure 1 shows an example of the general morphology and basic electrophysiological properties recorded in whole-cell conditions in Ngn2-iNs after four weeks in co-cultures with murine neurons. These iNs displayed repetitive firing of action potentials (up to 40-50 Hz) in response to stimulation with suprathreshold current injection (60-100 pA), and robust spontaneous glutamatergic synaptic activity which was blocked by the selective AMPA-receptor antagonist NBQX (Figure 1(c) and (d) ). About 50% of the recorded cells behaved in a similar way, whereas the remaining ones were less prone to respond to stimulation with little detectable synaptic activity (not shown). As predicted, neuronal feeder layers were indispensable in order to detect inhibitory synaptic inputs. 15 To further improve this system, it would be valuable to generate human GABAergic interneurons to co-culture with Ngn2-iNs in order to generate a network of both excitatory and inhibitory neurons modeling the inherent complexity of the cerebral cortex circuitries.
An open question was whether such accelerated generation of iNs might be compatible with survival and integration after brain transplantation. Interestingly, iNs grafted into the striatum displayed a near physiological actionpotential firing threshold and action potential amplitude and received highly active spontaneous inhibitory synaptic inputs. 15 All together, these results indicate that Ngn2-iNs are a reliable human neuronal platform to investigate the physiological and pathological processes of neuronal functions. However, their use should be restricted to investigations where such neurons with an upper-cortical neuronal-like identity will result informative.
Reprogramming with microRNAs
A promising avenue to strengthen the functional properties of iNs is the co-expression of specific microRNAs (miRNAs) in the reprogramming cocktail together with the transcription factors. 28, 31, 32 In fact, the use of miR-9/9* and miR-124 has been recently shown to impose a neuronal fate in fibroblasts by down-regulating genes implicated in the terminal differentiation. 31 Both miRNAs are highly expressed in post-mitotic neurons and have been shown to play a crucial role in neuronal differentiation during brain development and in adult neurogenesis. [36] [37] [38] miR-9/9* and miR-124 expression in fibroblasts is sufficient to generate MAP2 expressing cells, albeit with a very low rate. 31 Noteworthy, the conversion process did not occur when miR-9/9* and miR-124 were expressed separately suggesting that the two miRNAs act synergically. In order to increase the conversion rate and the maturation process, NeuroD2, Ascl1 and Myt1l (DAM) were expressed together with miR-9/9*-124. Surprisingly, miR-9/9*-124-DAM generated neurons that expressed some crucial markers of the cerebral cortex identity but represented a mixed population of excitatory (VGLUT1 positive) and inhibitory (GAD67) cells. It remains unclear how these different neuronal cell types are generated with the same molecular cocktail and it might suggest that a dose-dependent mechanism is in place to specify different neuronal types depending by the relative expression of some of the reprogramming factors.
Further exploiting the use of miRNAs, Victor and colleagues recently established a protocol to convert human fibroblasts into functional striatal medium spiny neurons (MSNs), which specifically degenerate in Huntington's disease. 32 Exogenous expression of Ctip2 (also known as Bcl11b), Dlx1, Dlx2 and Myt1l (CDM) together with miR-9/9*-124 was shown to convert postnatal human fibroblasts in a highly purified population of MSNs mainly expressing GABA and DARPP-32. Since miR-9/9*-124 overexpression resulted toxic to the cells, the authors included Bcl2 from protecting fibroblasts from cell death. Induced MSN-like neurons exhibited a well-developed morphology and mature electrophysiological properties. Importantly, gene expression profile in single converted neurons was analogous to human striatal cells microdissected from postmortem brain sections and, when transplanted in the mouse striatum, converted MSNs displayed functional properties closely similar to native murine MSNs. These results suggest that miR-9/9*-124 overexpression is particularly potent in promoting neuronal conversion, although its intrinsic cell toxicity has to be kept under control.
Supplementing small molecules and active peptides
Introduction of the dual-SMAD inhibitor system which blocks both BMP and activin/TGFb signalings has enabled a strong and homogeneous neural induction of human ESCs/iPSCs avoiding the use of embryoid bodies and stromal feeders. 8 Similarly, the concerted use of SMAD inhibitors together with Ascl1 and Ngn2 proved to substantially increase the yield of iNs. 39 In addition, the concurrent induction of the Wnt signaling by pharmacological repression of GSK-3b kinase was synergic with SMAD inhibitors to promote iN reprogramming. Electrophysiological recordings showed that small molecule-treated iNs developed functional properties although the overall fraction of active neurons was not reported. With a similar approach, Liu et al. identified forskolin and dorsomorphin, respectively, a cAMP activator and a BMP inhibitor, as molecules able to strongly synergize with Ngn2 in converting fetal human fibroblasts into iNs. 29 However, Sox11 and FGF2 needed also to be included in the reprogramming cocktail in order to obtain iNs with a robust efficiency. Thus, these data indicate that small molecules and active peptides are critical agents in promoting human iN reprogramming and maturation while reducing the number of transcription factors to be overexpressed.
Tumorigenic potential of reprogrammed neurons
The ultimate goal of producing iNs is devising cell replacement therapies as a clinical approach to treat neurological disorders. However, to meet these expectations, safety and oncogenic risks remain still a major concern for both iPSC and direct reprogramming approaches. Transplanted reprogrammed neurons might lead to tumor formation due either to incomplete differentiation, inappropriate reprogramming or mutagenic events during cell conversion. Reprogramming techniques are usually based on the integration of transgenes that can introduce mutations or activate oncogenes. 40 To circumvent this issue, iPSCs have been successfully generated using alternative non-integrative methods such as the use of Sendai virus, episomal plasmids and mRNA expression. [41] [42] [43] [44] [45] [46] None of these procedures have been yet shown to be adequate for an efficient direct neuronal conversion. Thus, direct neuronal approaches are still relying on gene integrating methods that suffer from a high genotoxic burden.
Due to the possible presence of residual stem cells in the graft, the risk of tumor formation is higher for an iPSCbased approach and purifying lineage-restricted progenitors was shown to minimize this danger. 47, 48 In contrast, direct reprogramming might be safer since iN generation does not pass through a pluripotent or multipotent stem cell stage. 25, [28] [29] [30] [31] Successful clinical applications of cell therapies based on neurons derived from iPSCs or directly from fibroblasts will depend on the development of good manufacturing practice (GMP) clinical-grade protocols for integration-free reprogramming methods, neuronal cell type specific differentiation procedures and stringent selection of post-mitotic neural precursors.
